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Abstract 
We report on a 2.5 THz spiral antenna coupled NbN hot electron bolometer (HEB) mixers, fabricated with in-situ 
process. The receiver noise temperature with lowest value of 1180 K is in good agreement with calculated quantum 
efficiency factor as a function of bias voltage. In addition, the measured spectral response of the spiral antenna 
coupled NbN HEB mixer shows broad frequency coverage of 0.8-3 THz, and corrected response for optical losses, 
FTS, and coupling efficiency between antenna and bolometer falls with frequency due to diffraction-limited beam of 
lens/antenna combination. 
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1. Introduction 
Superconducting hot electron bolometer (HEB) mixers are so far the most sensitive heterodyne 
detectors at frequencies above 1.5 THz, and have been successfully used to detect spectral lines up to 2 
THz from ground based and space telescopes. Spiral antenna coupled NbN HEB mixers show a low 
receiver noise temperature (Trec) in the frequency range from 1.6 THz to 5.3 THz [1], and it is further 
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reduced to 1150 K at 5.3 THz with an antireflection coated silicon lens [2]. Although spiral antenna is 
thought to be frequency-independent broadband antenna, the measured spectral response of spiral antenna 
coupled HEB mixer falls quickly with increasing frequency, especially above 3 THz. The decrease in 
spectral response is explained by coupling efficiency between planar spiral antenna and bolometer, taking 
complex impedance of the bolometer due to skin effect into account [3]. The coupling efficiency should 
also cause deterioration in sensitivity as the frequency is increased, not consistent with measured Trec. In 
this paper we measured the spectral response of spiral antenna coupled NbN HEB mixer fabricated with 
in-situ process, and analyze its mechanism. In addition, Trec measurement is performed at 2.5 THz, and 
quantum noise theory [4] is used to analyze the quantum efficiency factor.  
 
2.  NbN HEB Device and Receiver Noise Temperature Measurement Setup 
The NbN HEB mixer fabricated with in-situ process [5] has a bridge of 2.5 Pm (long) x 0.25 Pm (wide), 
resulting in a normal resistance above its transition temperature of about 70 : to match with log-spiral 
antenna on Si substrate. The HEB chip is glued to the backside of 10-mm Si elliptical lens without 
antireflection coating, mounted in a mixer unit that is placed in a 4.2-K liquid helium cryostat. Hot (295K) 
and cold (77K) loads can be selected by rotating a mirror. The radiation from the hot/cold load is 
combined with that from the LO by a 3-Pm Mylar beam splitter. Before reaching the HEB, the radiation 
passes through a 1-mm thick high-density polyethylene (HDPE) window on the HEB cryostat and the 
metal-mesh heat filter at 4.2 K that blocks infrared radiation. The LO is an optically pumped far infrared 
(FIR) ring gas laser, operated at a frequency of 2.523 THz. The LO power coupled to the mixer is 
regulated by rotating a wire grid in front of the gas laser. The intermediate frequency (IF) signal, resulting 
from the mixing of the LO and the hot/cold load signal, passes through bias-T, cryogenic low noise 
amplifier, and room-temperature amplifiers. The entire IF chain has a gain of about 80 dB and a noise 
temperature of 7 K. 
 
3. Spectral Response 
We measured the spectral response of spiral antenna coupled NbN HEB mixers with an evacuated 
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Fig. 1 (a) Measured normalized FTS response of the spiral antenna coupled NbN HEBmixer (left axis) and product of 
KoptKFTSKcoup for the optics, FTS and coupling efficiency between bolometer and spiral antenna as a function of frequency 
(right axis); (b) Corrected spectral response (left axis) and calculated main beam efficiency based on measured far-field 
beam patterns of similar spiral antenna coupled NbN HEB mixers in Ref. 6 (right axis). Curve of 7/freq2 is also plotted for 
comparison. 
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Fourier Transform Spectrometer (FTS). FTS consists of a Michelson interferometer with an Hg arc lamp 
providing broadband THz radiation. The beam splitter used inside the FTS is a 12.5 Pm thick Mylar sheet. 
Additionally there is an HDPE thin lens inside the FTS to collimate radiation. The signal from the lamp is 
chopped with a frequency of 16 Hz and current change ('I(f)= SKoptKFTSKcoupKbeam) is measured using a 
lock-in amplifier. To obtain a high current responsivity (S), measurements are performed at a temperature 
close to the transition temperature of the microbridge.  
The FTS system was firstly verified using a commercial Si bolometer with a nearly flat responsivity 
and Winston cone (its throughput is constant). Measured spectral response is in good agreement with 
calculated power transfer function of Mylar beam splitter (KFTS), indicating that the Hg arc lamp has a flat 
spectrum in the frequency range of interest. Fig. 1a shows the measured normalized FTS response of the 
spiral antenna coupled NbN bolometer. We find wide frequency coverage of 0.8-3 THz. Fig. 1a also 
shows the product of KoptKFTSKcoup, where power transmission of optical components (Kopt) is obtained 
based on measured power transmission of lens, filter and window, power transfer function of FTS (KFTS) 
is calculated for Mylar beam splitter, and power coupling efficiency between bolometer and antenna 
(Kcoup) is calculated using electromagnetic simulator [2]. To derive corrected spectral response (Kbeam), we 
divide 'I(f) by KoptKFTSKcoup. The resulted corrected spectral response is plotted in Fig. 1b. Corrected 
response falls with increasing frequency, and fully follows the variation of 7/freq2 (freq denotes the 
frequency). This result can be understood from diffraction-limited far-field beam pattern of lens/antenna 
combination. The lens/antenna combination has a diffraction-limited beam, making its throughput A:=O2 
(O denotes wavelength in free space). As a result, the corrected response follows the throughput as the 
frequency is increased. In addition, measured far-field beam patterns of similar spiral antenna coupled 
NbN HEB mixers in a wide frequency range [6] show that full width at half maximum (FWHM) 
decreases, while side lobes increases with increasing frequency. Decrease in FWHM is expected as the 
beam pattern is diffraction limited by the size of Si lens. Increase in side lobes are likely due to the 
combination of antenna misalignment to the Si lens, internal reflection and phase error from surface 
roughness [3]. As a result, the main beam efficiency falls with frequency. For comparison, calculated 
main beam efficiency based on measured far-field beam patterns is also plotted in Fig.1b, which shows a 
reasonable agreement with corrected response. 
 
4. Receiver Noise Temperature and Quantum Efficiency Factor 
Trec of spiral antenna coupled NbN HEB mixers as a function of bias voltage is measured in a 
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Fig. 2 (a) Measured receiver noise temperature at 2.5 THz and calculated quantum efficiency factor based on quantum noise 
theory for THz hot electron bolometers as a function of bias voltage. (b) Measured receiver output powers at the optimum bias 
voltage of 0.8 mV responding to the hot and cold load as a function of bias current of the HEB (left axis). Receiver noise 
temperature of the HEB mixer is also shown as a function of the bias current (right axis).
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conventional way (Fig. 2a). The lowest Trec is roughly 1250±150 K. Receiver conversion loss is 10.3 dB, 
and required LO power is about 200 nW. For comparison, Trec is also measured by fixing the bias voltage 
of the HEB but varying the LO power [1]. The obtained Trec at fixed bias voltage of 0.8 mV as a function 
of bias current is plotted in Fig. 2b and shows a broad minimum at a bias current of around 40 PA and the 
lowest value of 1180±50 K, which is 6% lower than previous measured 1250 K due to the small direct 
detection effect. 
According to the quantum noise theory for terahertz HEB mixers [4], HEB bolometer absorbs THz 
power uniformly, but frequency converts this power to the IF with non-uniform efficiency inside the 
bolometer. We theoretically calculate the quantum efficiency factor (E) based on electron temperature 
profile in microbridge, determined by heat balance equations. Obtained E shows a similar curve as Trec 
(Fig. 2a). The DC and LO powers induce electron temperature profile, translating into a bell-shape 
resistivity profile. Clearly at optimal operating point of 0.6 mV, the device response is dominated by the 
center of the bolometer. That means only the central part of the bolometer converts the input signal to the 
IF efficiently, while the reminder of the bridge does not, introducing additional conversion loss. Away 
from 0.6 mV, larger part of the bridge does not take part in mixing, resulting in increase of E. Therefore 
calculated E fully follows measured Trec.  
 
5. Conclusion 
We have studied the spectral response and sensitivity of spiral antenna coupled NbN HEB mixers at 
2.5 THz. The measured Trec is in good agreement with calculated E as a function of bias voltage. 
Measured direct response shows broad frequency coverage of 0.8-3 THz, and corrected response after 
correction for optics, FTS and coupling efficiency between bolometer and spiral antenna falls with 
frequency due to diffraction-limited beam of lens/antenna combination. 
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